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Shift current is a photovoltaic current in bulk noncentrosymmetric insulator [1–5]. Studies on
shift current have so far focused on the extended Bloch waves, such as in semiconductors [4, 6] and
perovskites [1, 7]. In contrast, it is unknown whether the localized wavefunctions support the dc
photocurrent. Here, we show theoretically that the dc shift current appears in a noncentrosym-
metric disordered one-dimensional insulator with random potential. When the light illuminates the
entire sample, the photocurrent forms in presence of the electron-phonon coupling. We find this
photocurrent remains robustly even when the energy scale of random potential is larger than the
bandwidth. On the other hand, the photocurrent decays exponentially when the excitation is local,
or the relaxation is only due to the contact with the electrodes. These results open a route to design
high-efficiency solar cells and photodetectors.
INTRODUCTION
Photovoltaic effects are the subject of vital importance
both from the viewpoints of fundamental physics and ap-
plications. They are relevant to the solar cells and pho-
todetectors. The basic process is that the photoexcited
carriers, i.e., electrons and holes, are accelerated by the
potential gradient or the electric field to produce the cur-
rent. Therefore, it is necessary to separate the electron-
hole pairs to free carriers. On the other hand, a photo-
voltaic effect of completely different mechanism has been
proposed [1–7]. It is caused by the geometrical nature
of the electronic states in solids in noncentrosymmetric
materials, which is characterized by the Berry phase.
Berry phase of electrons in solids governs many novel
quantum transport phenomena [8], such as quantum Hall
effect [9], anomalous Hall effect [10–12], spin Hall ef-
fect [13, 14], magnetoresistance [15], and de Haas-van
Alphen effect [16]. The basic idea is that the quantum
states corresponding to a band form a manifold in Hilbert
space, which are characterized by connection and curva-
ture. Especially, the Berry connection has a physical
meaning of intracell coordinate [17–19]. Therefore, it is
relevant to low-energy processes, in which the electrons
are confined in a band. However, it has been shown that
Berry connection is also relevant to the phenomena in-
volving interband transition. An example is the shift cur-
rent, which is closely related to the ferroelectric polariza-
tion [2, 4]]; a shift of the intracell coordinate during the
photo-excitation forms a photovoltaic current. In other
words, the photo excitation of electrons changes the elec-
tric polarization, i.e., the polarization current, resulting
in the dc current under the steady photoexcitation.
In contrast to the extended Bloch wavefunctions, the
wavefunctions are localized when the static disorder po-
tential is strong enough, i.e., Anderson insulator [20].
This qualitative difference prohibits the application of
theories for clean materials to Anderson insulators. In
the present paper, we study theoretically the impact
of the localization on the shift current. Using Keldysh
Green’s function method, we evaluate the photocurrent
in a one-dimensional (1d) chain attached to metal leads
(figure 1a). The results show that the photocurrent forms
in bulk Anderson insulator when the electrons couple
to phonons. Intuitively, the current is a consequence
of the optical transition of electrons between the local-
ized valence- and conduction-band states, as shown in fig-
ure 1c. We also investigate the non-local nature of shift
current [21–24]; the photocurrent vanishes when the dis-
tance between the excited region and the leads is larger
than the localization length. Our results show that An-
derson insulators are a candidate for high-efficiency solar
cells and optical sensors.
RESULTS
We consider a one-dimensional chain coupled to heat
bath and Einstein phonons (figure 1a). The Hamiltonian
for fermion chain reads
H0 =− t
N∑
i=1
[1 + (−1)iδ]cˆ†i+1cˆi + h.c.+
∑
i
[Vs(−1)i + Vi]cˆ†i cˆi,
(1)
where cˆi (cˆ
†
i ) is the annihilation (creation) operator of
the fermion at site i, t is the hopping integral, Vs is the
staggered potential and Vi is the random potential at
site i. We introduce the staggered hopping by δ. The
random potential Vi has a uniform distribution of Vi ∈
[−Vrnd, Vrnd]. In the following, we focus on the case t =√
3/2, δ = 1/
√
3 and Vs = 1/2. In the clean limit Vrnd =
0, this model has one valence and one conduction bands,
as shown in figure 1b and the dashed lines in figure 1d.
The bandwidth and the energy gap between the valence
and conduction bands are respectively W = 1 and ∆ = 3
in the calculation below.
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FIG. 1. Schematic figures of the shift current in Anderson insulator. a. Schematic model of the system we consider;
one-dimensional electron chain coupled to metal leads. b. The band structure of this model in the clean limit, Vrnd = 0. c.
Schematic picture of photocurrent in noncentrosymmetric semiconductor in Anderson insulator. The photo-induced hopping
between the localized states in the valence (yellow) and conduction (red) bands form macroscopic current. d. Schematic figure
of the density of states of the 1d Anderson insulator for Vrnd . ∆. The density of states consists of two groups of localized
states (solid lines) separated by an energy gap. Each island corresponds to the conduction (red) and valence (yellow) bands in
b when Vrnd = 0. When Vrnd > 0, the impurity broadens the bands in the clean limit (dashed lines in d). However, the energy
gap remains if the disorder is weaker than the band gap, i.e., Vrnd . ∆.
In the presence of a weak disorder Vrnd  ∆, the den-
sity of states shows two islands that corresponds to the
valence and conduction bands (solid lines in figure 1d).
The eigenstates in these two bands are localized for ar-
bitrary Vrnd > 0 because 1d electron systems are sus-
ceptible to the random potentials [20]. We confirmed
the localization using inverse participation ratio (Sup-
plementary Information). The two-band model with a
weak disorder is the situation we mainly consider in this
work.
We calculate the photocurrent in the Anderson insula-
tor by applying a Keldysh Green’s function method [25].
The electric current we discuss is the current that flows
from the chain to the two metal leads [25]. The coupling
to the leads is expressed as an imaginary self-energy iΓ
at the ends of the system [30]. In addition to the metal
leads, we consider a similar dissipation term with coeffi-
cient iΓ′ that couples to each site (see Method Section).
This term mimics the dissipation by phonons within the
first Born approximation.
We first show the N dependence of the photocurrent
for Γ′ = 0 in figure 2e. The results are the average pho-
tocurrent for 200 different Vi configurations. The trans-
verse solid line is the result of photocurrent for Vrnd = 0
with N = 400. By introducing a weak disorder, the cur-
rent decays exponentially with N . This result is con-
sistent with the IPR, which suggests ξ . 100 sites for
Vrnd ≥ 0.2 (Supplementary Information). The result im-
plies that the photocurrent vanishes in the bulk limit if
no electron-phonon coupling exists.
The results are qualitatively different when the
electron-phonon coupling exists (Γ′ 6= 0). Figure 2a-
2d shows the numerical result of the photocurrent for
Vrnd 6= 0. Ω dependence of the photocurrent for Vrnd =
0.5, Γ = 0.1, Γ′ = 0.01 and A = 0.2 is shown in figure 2a.
The results are the average of Js for 200 different Vi con-
figurations. The four sets of data show the results for
different N . The result shows the finite size effect is sim-
ilar to or smaller than the statistical error; the result in
the N →∞ limit should look like that for N = 400. The
result shows a finite photocurrent appears in a window
of frequency 2 . Ω . 6. The window resembles that of
the Bloch wavefunctions (clean limit) [21], which requires
a direct transition between the conduction and valance
bands. Indeed, the window corresponds to that of direct
transition Ω ∈ [∆− 2Vrnd,∆ + 2(W + Vrnd)] = [2, 6] (fig-
ure 2f). The result shows that the photocurrent remains
finite in the N → ∞ limit when Γ′ 6= 0, in contrast to
the case without phonons.
The photocurrent robustly remains in the wide range
of Vrnd. Figure 2b shows the Ω dependence of photocur-
rent for different Vrnd. A finite photocurrent remains for
2Vrnd > W = 1, i.e., when the random potential is larger
than the bandwidth. Besides the suppression, peak Ω
increases with increasing Vrnd. Vrnd dependence of the
photocurrent for Ω = 4 is shown in figure 2c. The cur-
rent remains nearly constant for 2Vrnd < W . On the
other hand, the current decreases for a larger Vrnd and
strongly suppressed when Vrnd & ∆. The suppression is
a consequence of the two effects: the shift of the peak
in the Ω dependence and the suppression of the current
(see figure 2b). The result shows that the photocurrent
remains robust against the localization up to Vrnd & ∆
when the electrons couple to phonons.
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FIG. 2. Photocurrent in the Anderson insulator with electron-phonon interaction. a. Light frequency Ω dependence
of photocurrent. Different lines are for different length N of the chain. b. Ω dependence of photocurrent for different magnitude
of random potential Vrnd (N = 400). c. Vrnd dependence of photocurrent for Ω = 4. d. Electron-phonon interaction
Γ′ dependence of photocurrent for Ω = 4. e. Photocurrent Js for chain without electron-phonon interaction (Γ′ = 0). f.
Schematic picture of the optical transition responsible for the photocurrent.
From the results, we find Js ∼ (Γ′)0.625±0.030 in the
Γ′/t 1 limit. Figure 2d shows the Γ′ dependence of Js
for different N . The result shows a negligible finite size
effect for all ranges of Γ′. The solid line in the figure is
the best fit of N = 400 data with f(x) = a(Γ′)β ; the best
fit is a = 0.176±0.029 and β = 0.635±0.030 ∼ 2/3. The
result shows Js is a sublinear function of Γ
′ with a power
close to 2/3. The result implies Js ∝ T 2/3 because Γ′ ∝ T
for the electron-phonon coupling in the high-temperature
region.
The necessity of phonons is supposedly a manifesta-
tion of the role of dissipation. Theoretically, shift cur-
rent is related to the causality, i.e., how we go around
the poles in the denominator in the nonlinear response
formula [2]. The imaginary part of the denominator is
related to the dissipation, such as the imaginary part of
Green’s function. For example, the photocurrent van-
ishes in a clean Rice-Mele chain without dissipation [26].
In a clean metal, the leads introduce dissipation to all
electron states because the electrons are extended. In
contrast, in Anderson insulators, the leads only affect
the states close to the edges because the localized wave-
functions deep in bulk are unaffected by the details of
the surface. The electron-phonon coupling introduces the
dissipation to these localized states. Therefore, the dis-
sipation by phonons is essential for the generation of the
photocurrent in Anderson insulators.
We next look at the local excitation of the photocur-
rent. In figure 3, we shine the light on to l = 10 sites of
the chains at position x, i.e., the bonds connecting sites
i = x − (l − 1)/2, x − (l − 1)/2 + 1, ·, x + (l − 1)/2 are
subject to the light. The position dependence of the pho-
tocurrent for N = 400 is shown in figure 3a. x = ±200
corresponds to the case in which the light position is at
the ends of the chain and x = 0 is when the light is
at the center. Unlike the case in the clean limit [21–
23], the current decays when the light position goes away
from the two ends. Figure 3b is the logarithmic plot of
the x dependence of Js near the right end of figure 3a.
The current decays exponentially with respect to x. Fig-
ure 3c shows the decay of the current near the right end
for different sample size N . The result shows negligible
size dependence. The result shows the current decays
exponentially with respect to the position of the light,
qualitatively different from the clean limit.
DISUSSION
Our numerical study on the disordered fermion chain
shows the localized electrons in Anderson insulator form
photovoltaic current. An important feature here is the
electron-phonon coupling, which we introduce within the
first Born approximation. Our result shows the pho-
tocurrent remains finite in the N →∞ limit if the weak
electron-phonon coupling exists. This feature is in con-
trast to the case without phonons. In this case, the pho-
tocurrent vanishes once the length of the chain exceeds
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FIG. 3. Shift current by local excitation. a. Light
position x dependence of the photocurrent. The results are
for N = 400, Ω = 4.0, Γ′ = 0.01, and Γ = 0.1. b. Logarithmic
plot of the right end of the data in a. c. The similar results
to panel a. near the right end of the sample with Vrnd = 0.4
for different sample sizes, N = 100, 200, 300, and 400.
the localization length of the wavefunction. The result
shows that Anderson insulators function as a solar cell.
Our results are relevant to noncentrosymmetric disor-
dered semiconductors, in which the carriers are in the
Anderson-localized states. Our results predict a robust
photovoltaic current in the disordered semiconductors,
which is proportional to Js ∝ (Γ′) 23 . This result im-
plies Js ∝ T 23 if Γ′ arises from the electron-phonon
coupling. In contrast, the Ohmic conductivity follows
σ ∝ e−(T0/T )β , where β = 1/2 in the case of 1d Anderson
insulator [27, 28]. Therefore, the Ohmic conductivity de-
creases faster than the photocurrent conductivity as we
decrease the temperature. The suppression of the Ohmic
dc current contributes to the efficiency of solar cells by re-
ducing the current back-flow. For instance, a recent work
discusses that the shift current device acts as a current
source; the output current reads Jout = JsR
∗/(2R0 +R∗)
where R∗ and R0 are respectively the resistivity of the
photovoltaic device and the leads [29]. The result implies
materials with high R∗ are beneficial for applications.
Therefore, disordered semiconductors are an interesting
candidate for high-efficiency solar cell.
METHODS
We consider an electron chain
H = H0 +Hp +Hep, (2)
where
Hp =
∑
q
ωqa
†
qaq, (3)
is the phonon Hamiltonian and
Hep =
∑
n,k,q
Mqc
†
n,k+qcn,k(aq + a
†
−q), (4)
is the electron-phonon interaction. Here, cn,k (c
†
n,k) and
ak (a
†
k) are respectively the electron and phonon annihi-
lation (creation) operators, ωq is the phonon eigenenergy
with momentum q, and Mq is the electron-phonon cou-
pling. H0 is defined in the main text.
We used Keldysh Green’s function method for the cal-
culation of photocurrent in the main text. The Green’s
function for the nonequilibrium state is obtained by nu-
merically diagonalizing the Dyson equation [25],
(ω + nΩ)Gn,n′(ω)−
∑
n′′
H0n,n′′ Gn′′,n′(ω)
−
∑
n′′
Σ′n,n′′(ω)Gn′′,n′(ω) = 1. (5)
Here, Gn,n′(ω) is the 2N × 2N square matrix of Keldysh
Green’s function, H0n,n′ = 1T
∫ T
0
dtH0(t) e
i(n−n′)Ωt is the
Fourier transform of the Hamiltonian in the maintext,
and Σ′n,n′′(ω) is the self energy.
In our calculation, the coupling to the leads and to the
phonons are taken into account as the self energy. In the
main text, we consider the self energy of form[
Σ′κ,κ(ω)
]
i,j
=
[iΓ(ω + κΩ) {δi,0δj,0 + δi,N−1δj,N−1}+ iΓ′(ω + κΩ)]( − 12 2f(ω + κΩ)− 1
0 12
)
. (6)
Here, Γ(ω) is the self-energy reflecting the coupling to
the leads [30],
Γ(ω) = 2pi
∑
l
|Vl,0|2δ(ω − εl) = 2pi
∑
l
|Vl,N−1|2δ(ω − εl),
(7)
where εkσ is the eigenenergy of the lead with index l and
Vl,i is the hopping integral between the electrons on site
i and the lead state l. We assume the coupling is the
same for left and right leads. In addition to the leads,
5we consider electron-phonon interaction represented by
Γ′(ω). Within first Born approximation, Γ′(ω) reads [25]
Σ(ph)(k, ω) =
∑
q
∫
dω′
2pi
M2qG
0
k−q(ω − ω′)D0q(ω′), (8)
where G0k(ω) is the unperturbed Green function for H0,
and D0q(ω) is the free phonon Green’s function. We here
approximate G0k(ω) and D
0
q(ω) by that for periodic sys-
tem. With these approximations, the imaginary part of
the self energy reads
Σ(ph)κ,κ (k, ω) = iΓ
′(ω + κΩ)
( − 12 2f(ω + κΩ)− 1
0 12
)
,
(9)
where
Γ′(ω) ∼ 2pi
∑
q
|Mq|2(2Nq + 1)δ(ω − εk−q), (10)
Nq and Mq are the number of phonons and the electron-
phonon coupling between the electrons and the phonon
with momentum q. In the above Γ′, we assumed the
eigenenergy of the phonons are much smaller than that
of electrons |εk|.
For simplicity, we assume Γ and Γ′ to be a constant of
ω.
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